Abstract: A well-established compensation technique to remove oscillations caused by control valve stiction is the two-moves method. However, the actual versions of this technique present major drawbacks, as the long time for implementation and, mostly, some strong assumptions on the valve position in oscillation. A recent version of two-moves compensation has proven to reduce the time of execution. Nevertheless, this method does not allow the control loop to handle set point tracking and disturbance rejection. The present paper proposes a revised version of two-moves stiction compensation method, which overcomes previous limitations. This new approach is based on the estimation of controller output associated with the desired valve position at the steady-state, by using the amplitude of oscillation before compensation and through the estimate of valve stiction, obtainable with specific techniques. In this case, fast responses are possible as well as a complete removal of the oscillation. In addition, set point tracking and disturbance rejection are guaranteed, by monitoring the control error and by switching temporarily to a standard PI(D) controller. Simulation examples and applications to a pilot plant show the effectiveness of the proposed method.
INTRODUCTION
Problems in control valve are widely recognized as one of main causes of low performance of base control loops in industrial plants. Well established works (Ender, 1993; Bialkowski, 2003) indicate that up to 30% of total loops may show persistent oscillation, due to valve problems. The major issues are backlash, hysteresis, dead band, static and dynamic friction, but also variation in the elasticity of the spring, wear or rupture of the membrane, leakage in the air supply system can occur (Bacci di Capaci et al., 2013) .
Among all, static friction (stiction) is considered the most common source of sustained oscillations in control loops. Therefore, a major interest has been devoted to its characterization and its diagnosis from routinely acquired data, by means of automatic techniques (Jelali and Huang, 2010) . Also valve positioners can be the source of other specific causes. For example, in the presence of stiction, too much air is pushed into the actuator causing overshoot that leads to oscillations (Srinivasan and Rengaswamy, 2008) . Anyway, smart or intelligent positioners can monitor and diagnose valve status and indicate performance deterioration (Bacci di Capaci et al., 2013) .
Repair and maintenance must be considered the only definitive solutions to fix a sticky valve. However, this fact implies to stop the operation of the entire control loop, which is usually practicable only during a plant shutdown. Since the production stops occur generally between every six months and three years, compensation can be a valid alternative to mitigate negative effects of stiction on loop performance. This paper is organized as follows. Different stiction compensation methods are briefly revised in Section 2. Existing twomoves compensation methods are analyzed and the proposed method is introduced in Section 3. Extensive simulation examples are also provided in this section. Section 4 illustrates an application on pilot plant. Finally, conclusions are drawn in Section 5.
COMPENSATION METHODS
The most recent stiction compensation methods appeared in the literature are typically data-driven techniques. Firstly, note that two basic approaches -dithering and impulsive control (Armstrong-Hèlouvry et al., 1994 ) -well-established for stiction compensation in electro-mechanical systems, are not practical in the case of pneumatic valves. This last type of valves, by far the most spread in the process industry, filter high frequency compensating signals (Srinivasan and Rengaswamy, 2008) . Afterwards, Kayihan and Doyle (2000) , by using a first-principle stiction model for the valve, estimated the immeasurable states providing a robust control action. However, all parameters of the valve must be known, which is hardly possible in practice.
The knocker compensator proved the first simple viable approach (Hägglund, 2002) . A predefined signal is added to the controller output before entering the valve. The knocker produces short pulses with constant amplitude, width, and duration, in the direction of the rate of change of the controller output. Oscillations on the control variable (PV ) are removed at the expense of faster and wider movements of the valve stem, which involve a much higher wear rate. To overcome this disadvantage, Srinivasan and Rengaswamy (2005) suggested some guidelines for the automated choice of the compensation parameters of the knocker. This revised approach, which integrates two stiction detection techniques, proved to reduce PV variability ensuring less aggressive valve movements.
Later, Cuadros et al. (2012b) presented a revised knocker compensator based on a supervision layer which analyzes the control error and interacts with the standard PI(D) controller. This integrated strategy shows a lower integral absolute error and even a reduced number of valve movements. Two other simple techniques are the constant reinforcement of Ivan and Lakshminarayanan (2009) and the second method of Hägglund (2007) , which is specifically oriented to compensation of backlash (that is, dead band). Both methods prove proficient in removing PV oscillation, but do not yet reduce aggressiveness on the valve.
The controller detuning is another common compensation approach for valve stiction. Ale Mohammad and Huang (2012) presented comprehensive rules to detune PI(D) parameters for different process dynamics, by using frequency analysis and harmonic balance. Srinivasan and Rengaswamy (2008) developed also an optimization-based method, which, compared to other approaches, allows significant improvements. However, the need for an exact model of the process, a precise estimate of stiction parameters, and high computational times may limit practical applications. Recently, a model free approach was developed by Arifin et al. (2014) . This scheme, applied on a pilot plant, shows to attain both oscillation reduction, and good set point (SP) tracking and disturbance rejection.
The last well-established approach is the so-called two-moves method, which ought to remove oscillations and keep the valve output (MV ) at its steady-state value, by performing at least two moves in opposite directions. The magnitude of the compensating signal should be large enough to exceed stiction and move the valve, but not too large to saturate it. The aim of this paper is to introduce a revised version of two-moves method for stiction compensation, which can overcome many limitations of the previous implementations.
TWO-MOVES COMPENSATION METHODS
The existing two-moves methods will be briefly introduced below, in order to highlight their characteristics and to present the features of the proposed method.
The Existing Methods
The two-moves compensator was introduced by Srinivasan and Rengaswamy (2008) . This first implementation does not need the controller parameters and, most importantly, does not increase the wear rate of the control valve, as the knocker does, since the stem is not constantly forced to move. The compensating signal ( f k ) is added to the controller output (u c ), to obtain the valve input (u = OP), as in Fig. 1 . The added signal can assume only two values by imposing two consecutive movements to the valve. The first signal moves the stem from its stuck position, according to:
(1) and setting:
where d is the stick band of the valve, and α is a real number greater than 1. Then, the second signal ought to bring the stem Fig. 1 . Structure of the two-moves compensator (Srinivasan and Rengaswamy, 2008) . position (u v = MV ) to its steady-state value in order to eliminate the error (e = SP − PV ), by:
Note that after this second movement, the stem cannot move from the steady-state position since the controller output is canceled by (3). The input signal to the valve (u) is thus constant (zero), that is, the controller operates as in open-loop mode.
Anyway, this first version of two-moves method presents several drawbacks, which heavily hinder its on-line implementation. Firstly, accuracy is reduced by assuming the oneparameter (d) model of Stenman et al. (2003) to predict the valve behavior. Moreover, the steady-state value of valve position (MV ss ) is assumed to be known, while MV is not usually measurable in the process plants. In particular, the method relies on the strong assumption that all measurements are represented by deviation variables and their respective steady-state values are zero (Cuadros et al., 2012a) . Thus, for the second movement (3), it is assumed that MV = 0 will make PV = SP. The left panel of Fig. 2 verifies this assumption for a generic simulation case. The method proves indeed to be effective only in the case of deviation variables. Just by setting the reference to SP = 2, a large steady-state error is obtained (Fig. 2, right) . Finally, it is to be noted that, acting partially as in open-loop mode, the method cannot tackle set point changes or disturbances.
Another two-moves method was introduced by Farenzena and Trierweiler (2010) . Instead of using an additional compensator block as in Fig. 1 , the traditional PI controller block is modified. This technique seems to achieve faster closed-loop performance and efficient rejection of load disturbances. A fair set point tracking, with a small offset, would be also possible, and a reduction of valve travel is shown.
To overcome previous limitations, Cuadros et al. (2012a) revisited the "standard" two-moves approach. Authors showed that assumptions on the knowledge of MV ss that assures PV = SP could be not easily achievable in practice. Significant experimental results on a flow rate control loop of a pilot plant are thus provided. The steady-state value of valve input (OP ss ) would be obtained only experimentally and additionally it could be not unique. Two improved compensation methods are then proposed: the first, consisting of four movements, is sensitive to load disturbances. The second, based on two movements and four states, and especially suited to tackle disturbances, proves more robust. Exact knowledge of the plant model is not required, and loop perturbations (SP changes and disturbances) are handled by monitoring the increase of the control error and by switching back and forth to a standard PI(D) controller. Anyway, both methods can be applied only to self-regulating processes, and the second approach requires similar dynamics between valve and process.
Afterwards, Wang (2013) proposed a closed-loop compensation method with the control loop fully operating at the auto mode. A short-time rectangular wave is added to the reference in order to impose two movements to the valve, which so arrives at the desired position. A systematic way to design the parameters of this short-time rectangular wave was also developed.
Very recently, Wang et al. (2015) have presented another solution. Three consecutive implementations of the "standard" twomoves of Srinivasan and Rengaswamy (2008) are used. This technique allows one to estimate on-line the steady-state value of valve input (OP ss ). Therefore, no a priori assumption on MV is required. However, this approach could take a very long time in real applications, since two extra open-loop step responses must be awaited to compute the final input OP ss . Simultaneously, the same authors have proposed another implementation which outperforms the three-times two-moves method in terms of velocity and lower amplitude of the response. A practical estimate of the desired valve position MV ss is introduced, thus the value of OP ss to impose to get the steady-state can be computed faster.
In details, the amplitude of oscillation of the controller output before compensation is measured: OP min and OP max are the minimum and maximum value, respectively. Then, the amount of valve stiction is somehow estimated in advance. The objective is to ensure a case that the valve position is bound to stick only at two places. The input OP is changed to guarantee the valve is being moved, but not too large.
In total, the method of Wang et al. (2015) imposes six openloop movements to the valve:
where T 0 = t 0 + θ 0 , and T s is the sampling time (see Fig. 3 ). When OP is increasing, close to its peak, the controller is switched into open-loop mode at time t 0 , and valve input is set to OP max to make the valve move away from the current sticky position. Then, after time interval θ 0 , OP is enforced in the opposite direction to OP min . Afterwards, OP switches once again between these two extreme values, for times T 1 and T 2 . Note that T 1 corresponds to the time interval between the second-last peak and the valley, and T 2 corresponds to the time interval between the valley and the last peak, both measured on the oscillation of OP before the compensation starts. Then, after time interval T sw , OP is switched to: Fig. 3 . Results for the compensator of Wang et al. (2015) .
where T sw does not have to be specific, but only to ensure that PV has changed direction. Likewise, β sw is a coefficient (≥ 1) that enables the valve to overcome the stiction band. Finally, after time interval T h , OP is held to a value so that PV is expected to approach SP at the steady-state. The desired steadystate valve position is estimated, according to:
If OP is increased first and decreased afterwards, its steadystate value can be computed, by making use of He's stiction model (He et al., 2007) , as following:
where f d is the dynamic friction in the valve. In reverse, if the method is implemented in opposite direction, i.e., OP is decreased first and increased afterwards:
OP ss = MV ss − f d (8) The interval T h should be as small as possible, to avoid that PV deviates much from SP value. As seen in Fig. 3 , the method is indeed able to bring the PV close to its reference. However, being a fully open-loop approach, set point tracking and disturbance rejection are still not ensured, as in the case of the "standard" version of Srinivasan and Rengaswamy (2008) .
The Proposed Method
The proposed compensation method is based on the approach of Wang et al. (2015) , by developing some practical simplifications. Only four open-loop movements are now required:
where T 0 = t 0 + θ 0 , and T s is the sampling time (see Fig. 4 ). The first two moves are as in (4). When OP is increasing, close to its peak, the controller is switched into open-loop mode at time t 0 , and OP is set to OP max . Then, after time interval θ 0 , OP is enforced to OP min . Now it comes to the difference. Note that, if one chooses to impose symmetrical movements to OP, that is T 1 = T 2 , (6) can be simplified, resulting:
Therefore, the steady-state valve position is now estimated according to (10). This relation is consistent with the fact that, The results of Fig.s 3 and 4 have been obtained in simulation by using the same parameters (Wang et al., 2015) , so as to allow a direct comparison. The process model is a first order plus time delay (FOPTD):
The PI controller is:
Valve stiction is described by Chen's model (Chen et al., 2008) , which is an extension of He's model, setting the following parameters: f s = 8.4, f d = 3.5243. A white noise with zeromean and standard deviation σ = 0.01 is added. For both compensators, the following parameters are used: T s = 0.5, θ 0 = 40, T sw = 200 and T h = 10 seconds, and β sw = 1.
Note that the compensator of Wang et al. (2015) starts at t 0 = 5165 and sets the steady-state at time t ss = 6278, by imposing OP ss = 5.668, which moves the valve to MV ss = 9.192 (see Fig. 3 ). The mean steady-state error results: e ss = SP − PV ss = −0.157. The two time intervals last T 1 = 420 and T 2 = 434 seconds, respectively. On the contrary, the proposed compensator starts at time t 0 = 5132 and stops already at time t ss = 5382, for a duration of only 250 seconds with a saving of around 850 (see Fig. 4 ). The steady-state valve input and output are OP ss = 5.665 and MV ss = 9.189, respectively. The mean steady-state error results e ss = −0.023. Note also that T sw T op /2 430/2 seconds.
Overall, by using the proposed method, two valve movements can be avoided, and a significant time (equal to T 1 + T 2 ) can be saved. Therefore, the whole compensation procedure proves to be much simpler and faster than the one of Wang et al. (2015) . Note that the previous one is just a numerical example. However, the same general result can be obtained by using different values of process, controller, and stiction parameters.
Another improvement of the proposed compensator with respect to the implementation of Wang et al. (2015) is the ability to address loop perturbations. In particular, SP changes and load disturbances can be tackled by monitoring the control error (e = SP − PV ), similarly to what proposed by Cuadros et al. (2012a) . The compensating signal (u k ) is not added to the controller output (u c ), but the valve input (u) is switched between these two signals (see Fig. 5 ). When sustained oscillations are detected, the compensator is activated by using the moves in (9). Once the steady-state is reached, if somehow PV diverges and the error passes a predetermined threshold (e lim ), or if a SP change is detected, the loop is switched back to the standard PI(D) controller. Then, once the oscillation has returned stable, a certain number of periods are counted before reactivating the compensator. Note that when the compensator takes control, PI(D) controller tracks the valve input, in order to avoid abrupt changes in OP and PV once the control is switched again. Fig . 6 shows the behavior of the proposed compensator in the presence of such perturbations. All the parameters are set as in the case of Fig. 4 , except for the stiction parameters:
The compensation is activated in four different occasions (marked as black spots in Fig. 6 ), at the time instants t on = 5714, 14220, 24220, and 34290. Two set point changes occur at the time instants 10000 and 20000. A step disturbance of amplitude −0.05 affects the output at time 30000. The error threshold is set to e lim = 1.5 A PV , where A PV is the average amplitude of oscillation of PV before the start of compensation. The extremes of oscillation of OP are recomputed each time to get the desired steady-state valve position MV ss by using (10). As a set point change is detected or the threshold is violated, the PI controller is resumed. Then, compensation is renewed and removes again the oscillation. In this case, 10 half-periods of sustained oscillation are awaited every time before the compensation restarts. Therefore, the proposed implementation outperforms previous two-moves methods in the presence of loop perturbations. Note also that it requires only easily-tunable parameters, unlike other anyway appealing solutions (Cuadros et al., 2012a; Arifin et al., 2014) .
Sensitivity analysis
For a more complete evaluation of performance achievable by the proposed compensator, a sensitivity analysis has been carried out. Some results are briefly reported below.
Different process and controller parameters. A different control loop is simulated: the process model is a FOPTD with P(s) = 2 100 s+1 e −5s , while the controller is now a PI with C(s) = 0.75 1 + 1 25 s . The stiction parameters of Chen's model are f s = 5, f d = 2. As can be seen from (7), (8), and (10), the design of the proposed four moves (9) does not depend on the process and controller parameters, therefore they cannot influence the compensation results. Fig. 7 shows that the compensator is indeed able to bring PV close to the reference and move the stem to its correct steady-state value (MV ss = 12.54). The mean steady-state error is e ss = −0.062. Thus the compensation is not affected by the specific process and controller parameters. Note that the compensator has good performance also for other types of controllers and self-regulating processes. However, it does not work for the case of pure integral process, since no open-loop steady-state value for PV is permissible.
Uncertainty in stiction value f d . On the opposite, it is important to state that the proposed method, as the one introduced by Wang et al. (2015) , is strictly dependent on the estimate of stiction parameter f d , as seen in (7) and (8). Note that stiction parameters can be obtained in advance through quantification methods, which are beyond the scope of this paper. In addition, an accurate stiction detection is assumed a priori in this work, since the compensation procedure should not start in the case that oscillations are not due exclusively to stiction. Anyway, it is important to stress that the proposed method is not based on the knowledge of MV . Here the effect of an incorrect stiction estimate on the compensator performance is analyzed (see Fig. 8 ).
Valve is simulated using a dynamic friction of f d = 2, while the estimated value for designing the steady-state input (OP ss ) is f d = 1, that is, a 50% mismatch. The other parameters are set as in the previous simulation case. The compensator cannot bring the PV to the reference, and the mean steady-state error is quite high: e ss = −1.919. Note that the steady-state valve position, estimated from (10), is however accurate: MV ss = 12.48. However, due to the wrong estimate of f d , the steady-state valve input is OP ss = 11.48 and the actual final position is higher: Effect of the noise level. The magnitude of the noise added to the control feedback is also studied. The same system of Fig. 7 is considered, and 100 Monte Carlo simulations have been performed for six different levels of white noise. The average absolute value of the control error obtained at steady-state (|e| ss ) is computed for each noise level. Table 1 summarizes the complete results. It can be observed that an acceptable stiction compensation is still possible for a significant level of noise. It is also worth noticing that the estimate of the extremes of oscillation of OP, computed before the onset of compensation, can be a key factor for a good performance, as seen in (10). Extensive simulations have shown that the best outcomes are possible by considering the mean values of the extremes (OP max , OP min ). However, only the last two extremes of OP could be considered in the case of low level noise. Table 1 shows the results obtained with these two different approaches.
Possible limitations. Other possible limitations of the proposed method are listed below. Poor performance could be obtained for the hard case of inhomogeneous stiction. However, when stiction-induced limit cycles arise, the valve operates generally in a small range. Therefore, under closed-loop conditions, stiction can reasonably be assumed to be independent of the stem position. Note also that, after the valve is brought to its steady-state position, the minimum time needed for the PV to reach the reference is equal to the settling time of the process. Nevertheless, these two issues are common to other open-loop methods (Srinivasan and Rengaswamy, 2008; Wang et al., 2015) . Finally, the proposed method might show poor performance in the cases where perturbations change continuously, e.g. control loops in cascade configuration or in the presence of oscillating disturbances, and also when perturbations arise exactly during the execution of the compensating moves (9). 
APPLICATION TO PILOT PLANT
The proposed compensation method is then implemented in a laboratory facility at the University of Alberta. A flow rate control loop with a sampling time T s = 1 is studied. Valve stiction is introduced by passing the output of a PI controller through the Chen's model before driving the control valve. Fig. 9 shows the behavior of the proposed compensation algorithm in one of these applications. Parameters are set to C(s) = 9 1+ 1 1.8 s , and f s = 7, f d = 3. For the compensator the parameters are chosen: θ 0 = 10, T sw = 30 and T h = 5 seconds, and β sw = 1. Two set point changes occur at time instants 600 and 1200 seconds. A step disturbance of amplitude −1 l/min affects the output at time 1800. The compensator is activated in four different occasions, and brings each time the flow rate to the correct reference. When perturbations occur the PI controller is resumed by means of a bumpless control switch, as seen in Fig. 5 . The error threshold is set to e lim = 3 A PV , and a time equal to 20 half-periods of sustained oscillation is awaited before each compensation restarts. Thus, good performances first obtained in simulation has been confirmed on pilot plant data. Further results are omitted for the sake of space limits.
CONCLUSIONS
In this paper, a new compensation method for oscillations caused by stiction in control valve is proposed. The technique is based on an improved version of the two-moves method, which is proved to overcome many previous limitations. Four movements in open-loop operation are employed, by causing faster responses as well as complete removal of the oscillation. The control error is monitored to switch to standard PI(D) controller in the case of set point change and in order to reject external disturbances. The proposed method can be applied in practice without specific assumptions on the valve position and without particular tuning parameters. Anyway, a reliable detection and a solid estimation of stiction are important prerequisites. Numerous simulation examples and a pilot plant application are used to demonstrate the effectiveness of the new method. Our future work might concern implementation of the compensation algorithm on several industrial control loops, and efforts to overcome residual limitations.
